This paper presents a new method for the estimation of State of Charge (SOC) for NiMH batteries. Among the conventional methods to estimate SOC, Coulomb Counting is widely used, but this method is not precise due to error integration. Another method that has been proposed to estimate SOC is by using a measurement of the Open Circuit Voltage (OCV). This method is found to be a precise one for SOC estimation. In NiMH batteries, the hysteresis characteristic of OCV is very strong compared to other type of batteries. Another characteristic of NiMH battery to be considered is that the OCV of a NiMH battery under discharging mode is lower than it is under charging mode. In this paper, the OCV is modeled by a simple method based on a hyperbolic function which well known as Takacs's model. The OCV model is then used for SOC estimation. Although the model is simple, the error is within 10%.
I. INTRODUCTION
Nowadays, batteries are playing a significant role in energy storage applications. Due to environmental issues, battery applications in the energy saving and energy efficiency areas have become wide spread these days. So far, battery capacity in practical applications has reached up to hundreds kWh or several MWh. It has entered into practical applications such as hybrid electric vehicle (HEV), renewable energy [1] , etc. In the near future, battery price will drop and then its application will be wider.
State-of-Charge (SOC) is used to determine battery capacity. In energy management systems, SOC monitoring has the following functions: It should prevent the battery from entering the modes of over-charge or over-discharge, since these conditions may damage the battery. In some applications, the SOC has to show users how long they can use a battery. For example, in HEV applications, the driver needs to know the residual driving range. The application of batteries for energy storage is often combined with Ultracapacitors. Batteries have high energy density and low power density. Ultracapacitors on the other hand, have low energy density and high power density. By combining both of these characteristics, they can maintain a power supply to meet any sudden change in load power demand. A PV system may need smoothing techniques due to output power variations [1] . This problem can be solved by applying a hybrid energy storage system composed of a high energy NiMH battery and an Ultracapacitors. This system configuration is shown in Fig.1 . In this application, an Energy Management System including SOC monitoring is applied.
So far, Coulomb Counting method is the most popular method to estimate the SOC. Residual capacity is measured by a simple algorithm for the product of the current and the duration time of charge or discharge. This method can be more precise when it takes into consideration the temperature and the charging and discharging efficiencies [2] . On the other hand, it has the following disadvantages: There is no way to estimate the initial SOC and it depends on sensor precision. In addition, when these errors are integrated by the time, the result is high errors.
The measurement of open circuit voltage (OCV) is an accurate way to determine the SOC. OCV can be measured under the no load condition. This method is very suitable for estimating the initial SOC. However, under the charging or discharging state, the battery is not in the open circuit condition. Ideally, the OCV should be obtained after the battery has been at idle for more than ten hours [3] . In paper [4] , to avoid the long length of time required for observing the OCV, it is obtained by mathematical iteration.
These days, NiMH batteries are one of the most popular choices. These batteries have several advantages over other battery types, such as high energy density, low price, nontoxicity and safety. In a NiMH battery, the hysteresis characteristic of OCV is very strong when compared with other types. Another characteristic of NiMH batteries is that the OCV of these batteries under discharging mode is lower than it is under charging mode. The complexity of characteristics and its economic price are the challenges in the application of a NiMH battery management system (BMS).
This paper proposes a method to determine the SOC during the continuous charging or discharging processes, especially in NiMH batteries. Continuous processes are applied in several applications, such as: solar power, series type HEV, EV, etc. The SOC is estimated by the OCV. The OCV is estimate by a battery model showing the relationship between battery voltage, internal resistance and OCV. In this paper the OCV is modeled by a simple model based on a hyperbolic function which is well known as Takacs's model. The results of this modeling are compared with the experiment results.
II. BATTERY MODELING

A. Electrical Modeling of Batteries
The capacity of a battery is the product of the current and the duration of the charge or discharge. The SOC is determined by the original capacity minus the discharging capacity or plus the charging capacity. The SOC is expressed as:
where: SOC t : SOC at time t SOC 0 : SOC at the starting time η: discharging or charging efficiency I: battery current t: time Capacity can also be affected by temperature. The efficiency is influenced by internal resistance and other aspects such as temperature. Based on the definition in (1), the Coulomb counting method is very convenient although the precision of its modeling is influenced by several conditions as described previously.
Many battery models have been proposed. In this section the advantages and disadvantages of the conventional battery models are described. In addition, the modified resistive Thevenin battery model is proposed for which all elements are defined as a function of the SOC.
1) Simple Battery Model:
This model is the most commonly used. As shown in Fig. 2 . This model consists of the OCV or Electro Motive Force, E o , and the series internal resistance, R i, . V t is the battery terminal voltage. E o is obtained from open circuit measurement. Although this model is commonly used, it cannot cover the varying characteristics of the internal resistance and OCV during the charging condition of the SOC. This model is only applicable in a simulation where the energy drawn from the battery is unlimited or the model element is independent from the SOC [5] .
2) Thevenin battery Model: The Thevenin battery model is shown in Fig. 3 [6] . It consists of the OCV, E o ; the internal resistance, R i ; the RC parallel network of transient capacitance, C T ; the transient resistance, R T . The added RC parallel circuit is for the prediction of a battery's response to transient load changes. In another paper [7] , the RC parallel circuit is represented as a physical component, while C T is represented as parallel plates and R T is represented as a nonlinear resistance contributed from the contact resistance of the plate of the electrolyte. The disadvantage of this model is that the model elements are assumed to be constant despite the changing conditions of battery such as SOC, temperature, etc.
3) Resistive Thevenin Battery model: This model has two internal resistances based on the discharging and charging states as shown in Fig. 4 . R ic and R id are associated with the internal resistances under the charging mode and discharging mode, respectively. Both of these resistances are represented by energy losses, which include both electrical and nonelectrical losses. In the diodes, it is implied that during the charging or discharging mode only one of the resistances R ic or R id can be conducted. In the charging or discharging modes, the conducting diode is forward biased while the other diode is reversely biased. There is no physical meaning for the diodes without the modeling purposes. This model is not dependent on the SOC.
4) Proposed modified Model:
In this paper, the authors propose a modified battery model as shown in Fig. 5 . Generally, a battery model could be adopted from the Thevenin battery model. It uses the capacitor and resistor to explain the transient response during the charging/discharging response. In the case of a very long charging/discharging process time, the resistor-capacitor circuit reaches the steady state condition. In the steady state condition, only the resistor is considered and the capacitor can be ignored. In this model, all of the elements are defined as a function of the SOC. The OCV and resistor values are different from each other in the charging and discharging modes. In case of the charging mode, the OCV is higher than it is in the discharge mode.
The following equations are used for describing the model. Equation (2) describes the models of the charging and discharging modes, respectively. Fig. 6 is the averaged OCV regressed adaptively.
2) Preisach Model: The Preisach model has been used widely to estimate the model of hysteresis in many areas such as smart materials, sensors, actuators, electric-magnetic relays and transformers, etc. However, this model involves a complex calculation. In paper [9] , the Preisach model is used for a HEV application. The continuous Preisach model was modified into a discrete model, which is more suitable for onboard hysteresis estimation due to the limited computational and memory resources. It is reported that the error of the algorithm is within 10% of the SOC.
3) Proposed OCV modeling based on an Improved Takacs Model: In this paper, authors propose the Takacs model for the description of the hysteresis phenomenon of OCV. The Takacs model is based on a mathematical function for hysteresis modeling [10] . The Takacs model follows several previous models based on mathematical models such as Langevin or Brillouin. Most of the hysteresis models are based on magnetic parameters such as magnetic flux density, magnetic field intensity, etc. The Takacs model with several parameters of the hysteresis curve is much simpler. The Takacs model parameters have no direct physical meaning in magnetic data experiments. For this reason, the Takacs model is suitable for the hysteresis modeling in batteries.
By using this model, the major and minor loop of the hysteresis curves can be modeled. In this paper, the major loop is discussed to verify the application of the Takacs model to describe the hysteresis characteristics of the relationship between the OCV and the SOC of a NiMH battery. In the Takacs model, the major loop can be divided into two branches, the ascending branch and the descending branch. The equations can be shown in (3):
where x is the variable for the OCV, f + and f − are the SOC in the charging and discharging states, respectively, a o is the initial SOC where f + (x) = 0, and b 1 is the value obtained from (4):
where x m is the SOC at the maximum value of f + (x). Figure  7 shows the OCV modeling based on the original Takacs's model. It is obvious that the hysteresis curve obtained from the experimental data cannot be fully followed by this model. Therefore, authors propose an additional function to cover any of the hysteresis characteristics which are not fully followed by the original Takacs model. To improve the Takacs model so that it will match the hysteresis characteristics, the f r (x) term is added to the original Takacs model as shown in (5).
where f r (x) is an error function between the measurement data and the original Takacs model. Since our motivation is to develop a simple model, f r (x) is proposed as a polynomial function in this paper, which is expressed as:
where c 0 , c 1 , · · ·, c n are the polynomial coefficients. The Takacs model is based on a tangent hyperbolic function. A typical curve is shown in Fig. 8 . As shown in this figure, the x-axis can be set from any value and the maximum value of the y-axis is unity. In a battery model, the x-axis could be the OCV and the y-axis could be the SOC. The OCV value is higher than zero. For a single cell NiMH battery, the OCV is approximated to be 1.2∼1.4V. The SOC value is in the range of 0∼100%. The difference between the original Takacs model and its application to the battery model can be solved by scaling. The scaling technique to solve the difference between the original Takacs model and the battery model is shown in Fig. 8 .
III. RESULTS
A. Modeling
In this experiment, a Sebang GMH 100 NiMH Battery rated at 1.2V and 100Ah is used. The experiment is done at 30
• C. The experimental results are shown in Fig. 9 and Fig. 10 . The OCV measurement for a 100% SOC is done under the charging mode with a charging current of 1C. It is started at the empty capacity of 0% SOC where the battery voltage is 1.19V. The battery arrived at the full capacity of 100% SOC when the OCV, V t reached 1.52V. To measure the OCV, the battery was allowed to rest for one hour. The meaning of 'rest' is that the battery is in the open circuit condition without any charging or discharging processes taking place. After one hour of rest, there is no significant change in the OCV. The change in OCV after one hour of rest is around 1mV or less. The OCV is obtained at the position indicated with a circle. At full capacity, the OCV is 1.403V.
The experiment on OCV measurement for a 0% SOC is shown in Fig. 10 . It is done under the discharging mode with a discharging current of 1C. It is started at the full capacity of 100% SOC where the battery voltage is 1.403V. The battery arrives at the empty capacity of 0% SOC when the OCV, V t is 0.9V. The OCV is obtained at the position indicated with a circle. At empty capacity, the OCV is 1.19V.
An OCV plot is shown in Fig. 11 [11] . The OCV is obtained for every 10% increase or decrease in the SOC. It is obviously that the OCV between a charging state and a discharging state is different. The non-linearity of the curve is very serious between 0-20% SOC and 80-100% SOC. To simplify the algorithm, several algorithms for a battery management system could be kept in the linear region of the SOC in the range of 20%-80%. However, the disadvantage of this method is that it utilizes only 60% of the battery capacity [12] . As it was mentioned above, the improved Takacs model is proposed to cover the full range of the SOC. When the proposed model is used, the maximum error can be reduced to 10% in the full range of 0%-100%. Near full or empty capacity, the error of the proposed modeling is close to zero. With this modeling, battery utilization can be increased to 100% SOC.
The parameters of this model are shown in Table 1 . The value of scale in Table 1 is the value of x min and x max of the basic Takacs model as shown in Fig. 8 . By applying the scaling technique, the value of b 1 has no important meaning. As a result, b 1 can be ignored or the value can be zero. The internal resistance in Fig. 12 is represented as a polynomial equation [11] . It is obtained from a calculation as shown in Eq. 2, where Eo or OCV, V t , and I, are given by the measurements. The parameters for the polynomial equation are shown in Table 2 .
The charging internal resistance, R ic , is similar to a parabolic curve or a second order polynomial. Although the curve is similar to a parabolic curve, a fourth order polynomial is applied to reduce the error of the model.
The discharging internal resistance, R id, curve tends to be similar to a third order polynomial or odd function. However, R id is modeled in the fourth order to reduce the error of the model. From Fig. 12 , it should be noted that the low value of the resistance is correlated to high efficiency. In the case of the high efficiency operation mode, it should be operated at around 40% SOC in charging mode. In discharging mode, the internal resistance is low in a high SOC.
B. Temperature Effect
The temperature dependency of the OCV-SOC is shown in Fig. 13 . Note that the curve shown for the temperature dependency in Fig. 13 is from 0
• C to 45 • C. It is shown that lower temperature operation increases the OCV value. Around the linear region of the curve, the OCV values are similar. At a higher or lower SOC, the differences in OCV values are increased. The differences between the OCVs measured at different temperatures are shown in Fig. 14 . The OCV at 30
• C is used as a reference. The differences in OCV in Fig.  14 can be expressed by:
Note that the OCV in Eq. 7 has the same value of SOC. The OCV d between 0
• C and 30
• C is indicated by a triangle ( ), and between 45
• C it is indicated by a square ( ). The maximum difference in OCV is 55mV. It occurred at 100% SOC at 45
• C. As shown in Fig. 13 , at around 20% to 80% SOC, the curve is linear. The slope in the linear region is high. This means that a small difference in the SOC will cause larger errors in the SOC. The difference in the OCV in the linear region could result in a SOC error up to 20%. To reduce this error, a compensation function could be applied for the battery operating at any temperature. The compensation function, f c , could be adopted based on the OCV difference curve as shown in Fig. 14. The curve of the compensation function is similar to a parabolic function, which can be modeled by a simple second order polynomial or higher.
Based on the previous explanation, an algorithm for SOC estimation can be developed to:
1) Obtain the OCV and battery temperature.
2) Convert the OCV from step 1 to the OCV at t=30
• C by a compensation function.
3) Estimate the SOC from the OCV from step 2 by using the OCV-SOC curve at t=30 • C.
IV. CONCLUSIONS
An estimation method for the SOC of NiMH batteries based on the OCV is proposed. The model is proposed for the continuous charging or discharging modes. The method is especially for NiMH batteries in which the hysteresis of OCV is very strong. The OCV between the charging and discharging modes is different. Based on the internal resistance curve, it should be considered the operation range if the high efficiency operation is needed. The experimental data on battery operation in different temperatures show that the OCV value is higher at lower temperatures. The OCV modeling in continuous mode can be useful for applications in solar power, series type HEV, EV, etc. 
